Summary Seasonal changes in the transient expression of ß-glucuronidase gene (GUS) driven by a constitutive 35S CaMV-promoter in Scots pine (Pinus sylvestris L.) buds were studied by the microprojectile DNA-delivery method. Buds were collected from 5-, 15-and 50-year-old trees. In buds from all age groups the amount of transient expression was dependent on the season; the highest values were found in March, and values were lowest both at the beginning and at the end of the growing season. Pretreatment with growth regulators increased both the amount of transient GUS expression and arginine decarboxylase (ADC) activity in buds indicating an increase in metabolic activity. These results confirm that the genetic transformation technique can be used to study seasonally dependent regulation in mature Scots pine tissues.
Introduction
Scots pine (Pinus sylvestris L.) is a major source of timber in Nordic countries. Its long rotation time and ability to tolerate severe climatic conditions suggests that the species has high genetic adaptability. During the last few years new environmental factors, including air pollutants, greenhouse gases and their interactions, have imposed additional pressure on the genetic organization and physiology of the species.
Newly developed genetic transformation technologies have facilitated studies of genetic regulation in several plant species (Ryan et al. 1990 , Smart et al. 1991 , Smigocki 1991 , including tree species (Loopstra et al. 1992 , Newton et al. 1992 . However, transformation studies on trees have only been made on young tissues, such as whole embryos (Robertson et al. 1992 , Ellis et al. 1993 , cotyledons (Goldfarb et al. 1991 , Stomp et al. 1991 , calli or suspension cells (Duchesne and Charest 1991, Newton et al. 1992) . Because trees have long life spans, a knowledge of the genetic regulation of mature tissues is of major importance. At present, nothing is known about the stability or expression of the transferred genes in adult tissue.
Direct gene transfer is the most effective method of studying genetic regulation in conifers. Recently, gene transfer experiments by microprojectile bombardment have been performed with several coniferous species (Duchesne and Charest 1991 , Ellis et al. 1991 , Goldfarb et al. 1991 , Stomp et al. 1991 , Loopstra et al. 1992 , Newton et al. 1992 , Robertson et al. 1992 , Ellis et al. 1993 . Some preliminary results have also been presented for Scots pine .
Scots pine is an excellent species to study genetic regulation in mature tree tissues because the physiology of adult trees has been studied extensively. Long-term studies on the metabolism of Scots pine and seasonal changes at the cellular level are well documented (Kupila-Ahvenniemi et al. 1978 , Kupila-Ahvenniemi and Hohtola 1979 , Hohtola et al. 1984 , Häggman et al. 1985 . Because gene expression of pine buds varies with season (Häggman 1986 , Nuotio et al. 1990 ), we studied foreign gene expression during different seasons. We determined whether foreign genes under a constitutive promoter are expressed in a similar way to native genes, and we also assessed the effects of growth regulators on the amount of transient expression. Metabolic activity was measured by assaying arginine decarboxylase activity.
Material and methods

Plant material and culture conditions
Vegetative parts of apical and axillary buds of Scots pine were used as target material in the transformation experiments. Twigs were collected from 5-, 15-and 50-year-old trees growing in Punkaharju (61°48′ N, 29°17′ E). Buds were taken from five to 15 twigs per tree of three to six trees in August 1992 , December 1992 , March 1993 and May 1993 . Because of the small size and small number of buds present on the 5-and 15-year-old trees, only one collection could be made from each tree. In the case of 50-year-old trees, collections were made from the same trees each time.
The buds were surface sterilized in 3% calcium hypochlorite for 20 min and rinsed four times in sterile distilled water. After sterilization, the bud scales were removed aseptically. Explants consisted of apical meristems plus the surrounding tissue with needle primordia and cataphylls.
Explants were placed on modified MS medium (Murashige and Skoog 1962) containing macro-and micronutrients and vitamins according to Hohtola (1988) , supplemented with 1.3 µM benzylaminopurine (BAP), 4.5 µM 2,4-dichlorophenoxyacetic acid (2,4-D), 0.55 mM myoinositol and 87 mM sucrose. Media were solidified with 0.7% agar.
The effects of auxin and cytokinin pretreatments on the amount of transient expression were tested in March and May. Before bombardment, bud explants from 15-year-old trees were pretreated for 1 week on modified MS medium (Hohtola 1988 ) supplemented with 4.5 µM 2,4-D and 0.13 (low), 1.33 (moderate) or 4.44 µM (high) BAP. In total, 900 buds were treated.
Particle bombardment
The plasmid DNA was pBI 221 including CaMV 35S promoter-ß-glucuronidase gene. Plasmid DNA was prepared by the alkali lysis method followed by phenol-chloroform extraction (Sambrook et al. 1989) .
Plasmid DNA (5 µg) was precipitated onto gold particles 1.6 µm in diameter. This was done by mixing a 50 µl batch of 1.5 mg gold particles in sterile water, 5 µl DNA, 50 µl of 2.5 M CaCl 2 and 20 µl of 0.1 M spermidine. This microcarrier suspension was vortexed for 3 min and centrifuged at 8000 g for 10 s. The supernatant was removed, and the microcarriers were washed with 250 µl of absolute ethanol and resuspended in 60 µl of absolute ethanol. Ten µl of microcarrier suspension was dried on a macrocarrier immediately before bombardment.
For bombardment, the Biolistic® particle delivery system PDS-1000/He device (DuPont, Wilmington, DE) was used. The DNA on the macrocarrier was delivered under conditions of 1550 psi He pressure and 710 mm of Hg vacuum. The target material was located 9.5 cm from the DNA delivery source.
Target tissues, consisting of five bud apices, were placed on modified MS medium so that the apex faced the DNA source. Ten replicates were made per treatment. The data presented here are based on 2850 bombarded bud apices and 570 shots.
ß-Glucuronidase assay
The bombarded buds were placed on tissue culture media at 23°C in a 16-h photoperiod. After 24 h, histochemical GUSstaining was performed according to Jefferson (1987) with minor modifications. The GUS-staining solution contained 0.1 M sodium phosphate buffer (pH 7.0), 1 mM 5-bromo-4-chloro-3-indolyl-ß-D-glucuronic acid, 10 mM EDTA, 0.5 mM K 3 Fe(CN) 6 , 0.5 mM K 4 Fe(CN) 6 and 0.1% Triton X-100. Samples were kept in test solution in the dark for 24 h at 37°C, after which GUS expressing cells and cell clusters were counted under a stereomicroscope.
Arginine decarboxylase assay
In May, arginine decarboxylase activity (ADC) was measured in shoot tips, both immediately after bud collection and after 1 week on modified MS medium containing 4.5 µM 2,4-D and 4.44 µM BAP. Buds were excised from branches of three 15-year-old trees at the day of branch collection, except in the case of Tree 9. The branches of Tree 9 were kept overnight at 2°C because it was impossible to prepare all of the samples on the same day. Samples consisting of 30 bud apices were ground in liquid nitrogen and homogenized with mortar and pestle in 2 ml of extraction buffer (0.05 M Tris-HCl, pH 8.5, 0.5 mM pyridoxal-5-phosphate, 0.1 mM Na 2 -ethylenediamine-tetra-acetate and 5.0 mM dithiothreitol). The homogenate was centrifuged at 20,000 g for 20 min and the supernatant was used for enzyme assays. Enzyme activities were determined by measuring the amount of 14 CO 2 released from L-(U-14 C)-arginine (specific activity 318 mCi mmol -1 ) according to Robie and Minocha (1989) . Radioactivity was determined with a Wallac 1410 liquid scintillation spectrometer.
Paraffin preparates
After bombardment and GUS-staining, the bud samples with GUS expressing cells were fixed in FAA (formalin/acetic acid/95% ethanol, 10/5/85 v/v/v), dehydrated in a series of ethanol and embedded in paraffin according to Gerlach (1984) . Photographs were taken with an Olympus CK2 microscope.
Statistical analysis
Statistical comparisons among treatments were made by analysis of variance, and means were compared by Tukeys test or by Student-Newman-Keuls multiple range test. Nonparametric Kruskal-Wallis test followed by multiple mean comparisons was used when the data were not normally distributed. For correlation analysis, nonparametric Spearman rank correlation was used (BMDP 1988) .
Results
Transient GUS expression was found in Scots pine buds collected from 5-, 15-and 50-year-old trees throughout the different seasons. The average amount of transient expression was one to two GUS expressing cells per expressing bud. The maximum value was 18 GUS expressing cells or cell clusters per bud. The percentage of expressing buds varied between 0 and 92%. In most cases the expression was found in the cataphylls of axillary primordia (Figure 1) . http://treephys.oxfordjournals.org/ Significant variation was found in the amount of transient GUS expression in bud samples collected in different seasons (P < 0.0001 for pooled data including all age groups). The highest amount of expression was observed in March, and the lowest amounts occurred in May and August ( Figure 2C ). There was no significant difference in transient GUS expression between bud samples collected in March and December, but the bud samples collected in March and December exhibited significantly more expression than the bud samples collected in May (P = 0.05). The bud samples collected in December had a higher amount of transient GUS expression than the bud samples collected in August (P = 0.05).
In the 50-year-old Scots pines, individual variation between trees did not mask the comparison between seasons because the same trees were sampled at each collection ( Figure 2A) . All of the 50-year-old trees showed the same seasonal trend in the amount of transient GUS expression, and the highest amount of expression was observed in March. The average values of transient GUS expression in the 5-year-old trees were also highest in March ( Figure 2B ). Although 18% of the buds from the 15-year-old trees expressed GUS in December compared with 12% in March ( Figure 2B) , the difference between December and March was not significant because variation among the individual 15-year-old trees was high. In December, individual 15-year-old trees had 3, 45 and 7% of buds expressing GUS, whereas in March the values were 22, 2 and 12%.
In March, bud tissue from the 5-year-old trees was more competent for foreign DNA than bud tissue from the 15-and 50-year-old trees (P < 0.001). The average number of GUS expressing cells per bud apex was highest in material collected from 5-year-old trees, 0.35 ± 0.76 SD (23% of buds expressing GUS, n = 150). In 15-year-old trees, the corresponding value was 0.15 ± 0.43 (12%, n = 150) and in 50-year-old trees the value was 0.14 ± 0.40 (12%, n = 150).
Pretreatment with 0.13, 1.3 or 4.44 µM BAP in the presence of 4.5 µM 2,4-D for 1 week before bombardment significantly enhanced the number of GUS expressing cells per bud (P < 0.0001), and the increase was greater in the 1.3 and 4.44 µM BAP treatments than in the 0.13 µM BAP treatment (P = 0.05, Figure 3A ). Pretreatment with growth regulators also enhanced the percentage of expressing buds (P < 0.0001). In March, the frequency of expressing buds increased from 12% when the bombardment was done 1 day after bud pretreatment to 21% when the bombardment was done 1 week after pretreatment. In May, the increase was larger, from 1.3 to 58%. All of the growth regulator pretreatments enhanced the frequency of expressing buds when compared with the control treatment (P = 0.05), but they did not differ from each other ( Figure 3B ).
When the bud material was treated for 1 week on modified MS medium containing 4.5 µM 2,4-D + 4.44 µM BAP, the average amount of ADC activity increased about threefold (P = 0.01), and the average number of GUS expressing cells or cell clusters per bud increased 50-fold (P = 0.01, Table 1 ). In Tree 9, the amount of ADC activity did not increase in response to the growth regulator pretreatment, perhaps because activity of this enzyme was high before the pretreatment. The branches of this tree were kept overnight in a cold room before sample preparation. There was a significant (P < 0.0001) positive correlation (Spearman's r = 0.6091) between ADC activity and the number of GUS expressing cells per bud. 
SEASONAL CHANGES IN EXPRESSION OF GUS GENE IN SCOTS PINE
Discussion
Season had a marked effect on the amount of transient GUS expression in Scots pine buds. A marked seasonal variation in overall gene expression in Scots pine bud tissues has been observed in earlier studies (Nuotio et al. 1990) . Similarly, Ziegler and Kandler (1980) and Hutchison and coworkers (1988) reported season dependent gene expression in other conifer species. The receptivity of bud tissues for gene insertion may change as a result of altered physical and biological status of the target tissue in different seasons. In the present study, however, the activity of foreign gene expression resembled that of native genes. This is the first time that foreign gene expression has been shown to be dependent on the season, which implies that the transferred foreign genes are under the control of the genetic system of the species despite the pres- ence of a constitutive promoter.
The highest degree of transient GUS expression was found in March, which according to Kupila-Ahvenniemi's model of pine bud metabolism (1985) represents the transition phase between reduced wintertime activity and renewed metabolic activity. The frequency of transient GUS expression was also relatively high in December. According to Kupila-Ahvenniemi's model (1985) , this period corresponds with the transition phase between the periods of growth and differentiation and reduced wintertime activity. Typically in both December and March, values of transient expression varied between different aged trees and between individual trees. At the cellular level, several functions are activated during the transition phase in March, and the size of nucleoli (Kupila-Ahvenniemi and Hohtola 1980), the amount of ribosomes (Häggman 1987) , the in vitro translation capacity of ribosomes (Kupila-Ahvenniemi et al. 1987 ) and the regenerative response of pine buds are all increased (Hohtola 1988) . These changes, which coincide with the period of maximum transient GUS expression, indicate that the ribosomal machinery is ready for active gene expression.
Pretreatment with growth regulators increased the amount of transient GUS expression significantly. Enhanced expression resulting from growth regulator pretreatment may be due to stimulation of cell division. The effect of growth regulator pretreatment was more prominent in May than in March, whereas transient GUS expression in untreated material was higher in March than in May. This difference could be the result of a general inability of bud cells to react to cytokinin at the end of the winter period. In May, on the other hand, when the endogenous cytokinin supply is lower than in March (Häggman 1991) and the elongation of buds has already started, the cytokinin pretreatment had a significant effect. In Finland, the accumulation of endogenous zeatin in Scots pine bud tissues in March (Häggman 1991) precedes the commencement of growth which starts with first mitosis in April (Kupila-Ahvenniemi and Hohtola 1980) . Similarly, Quamaruddin and coworkers (1990) reported that cytokinin activity in pine buds decreased after a maximum in late March or early April. Growth regulators are also important for transient GUS expression in other coniferous species (Goldfarb et al. 1991 , Newton et al. 1992 .
In many dividing plant tissues, the concentration of free polyamines is high and is correlated with the activity of the biosynthetic enzymes arginine decarboxylase and ornithine decarboxylase (see Evans and Malmberg 1989) . In the present study, pretreatment with growth regulators caused significant increases in both GUS expression and ADC activity. This result is in agreement with previous studies in which cytokinin and 2,4-D caused an increase in ADC activity in several plant species (Palavan et al. 1984 , Smith 1985 , Koetje et al. 1993 ). Iida and coworkers (1991) have shown that an increase in mitotic frequency enhances the amount of transient GUS expression.
We found that variation in the amount of transient expression of the GUS gene driven by constitutive 35S CaMV-promoter in Scots pine buds paralleled the variation in the native gene expression, indicating that the inserted foreign gene is under the control of the genetic system of the species. This phenomenon was observed in buds of trees from all age groups studied. These results confirm that this genetic transformation technique can be used to study season-dependent regulation in mature Scots pine tissues.
